1. Introduction {#s0005}
===============

Since the first reports of novel pneumonia (COVID-19) in Wuhan, Hubei province, China, considerable discussion on the origin of the causative virus SARS-CoV-2 (also referred to as HCoV-19) has emerged \[[@bb0005]\]. Infections with SARS-CoV-2 are now widespread, and efforts to contain the virus are ongoing; however, given the many uncertainties regarding pathogen transmissibility and virulence, the effectiveness of these efforts is unknown. The fraction of undocumented but infectious cases is a critical epidemiological characteristic that modulates the pandemic potential of an emergent respiratory virus \[[@bb0010],[@bb0015]\].

SARS-CoV-2 is the seventh coronavirus known to infect humans; SARS-CoV, MERSCoV and SARS-CoV-2 can cause severe diseases, whereas HKU1, NL63, OC43 and 229E are associated with mild symptoms \[[@bb0020]\]. It is improbable that SARS-CoV-2 emerged through laboratory manipulation of a related SARS-CoV-like coronavirus. However, the genetic data irrefutably show that SARSCoV-2 is not derived from any previously used virus backbone \[[@bb0025]\]. The general symptoms are similar to SARS and MERS, causing cough, difficulty breathing, fatigue and fever and if not treated properly, eventually death \[[@bb0030],[@bb0035]\].

Coronaviruses are enveloped structures, positive single-stranded large RNA viruses that infect humans, but also a wide range of animals. The first virus in the family was described in 1966 by Tyrell and Bynoe, who cultivated the virus obtained of patients with common colds. Due to its morphology with spherical grooves, with a central cap, and superficial projections similar to a solar corona, the name coronavirus (from Latin: corona: crown) was designated. The coronavirus has four subfamilies: alpha-, beta-, gamma- and delta-coronaviruses. While alpha- and beta-coronaviruses apparently originate from mammals, in particular from bats, gamma- and delta-viruses originate from pigs and birds. The genome size goes between 26 kb and 32 kb. Among the seven subtypes of coronaviruses that can infect humans, the beta-coronaviruses may cause severe disease and fatalities, whereas alpha-coronaviruses cause asymptomatic or mildly symptomatic infections \[[@bb0035]\].

During the process of infection, there are two proteases that are essential in the process of maturation and infectivity of the virus. In the case of SARS-CoV-2, sequencing of its genome, revealed the papain-like protease (PL^pro^) and the 3-chymotrypsin-like protease (3CL^pro^, also known as the main protease-M^pro^) \[[@bb0040]\].

M^pro^ is one of the most studied therapeutic targets at the present time, as a possible alternative to the fight against coronavirus, proving to be an accessible target for the development of inhibitors \[[@bb0045],[@bb0050]\]. M^pro^ is a cysteine protease composed of three domains (I, II, III), whose main functions are the maturation of viral particles and cleavage of the viral capsid, thus releasing viral polypeptides to the body and contributing to the infection to occur. In its active form, M^pro^ is a homodimer, containing two protomers, and presents a non-canonical Cys-Hys dyad, located between I and II \[[@bb0055],[@bb0060]\].

M^pro^ is also structurally conserved among the known varieties of coronavirus, with several common characteristics of substrate shared among them, where the amino acids of the substrates C and N termini, are numbered as (-P4-P3-P2-P1 ↓ P1′-P2′-P3′-), and the cleavage site is located between the P1 and P1′, with the need for almost all substrates to have a glycine residue located at the position P1 \[[@bb0065],[@bb0070]\]. M^pro^\'s active sites are highly conserved among the different varieties of coronavirus, usually being composed of 4 sites, usually referred to as S1′, S1, S2 and S4 \[[@bb0045]\].

In this work, considering the current pandemic of COVID-19 around the world, we propose use of drug design and lead discovery approaches as well, including virtual screening, ADME/Tox predictions and molecular docking \[[@bb0075]\], to design new compounds for inhibiting the protease M^pro^, involved on the process of viral infection with SARS-CoV-2, thus preventing the viral peptide from being cleaved, and thereby preventing smaller viral charge from being released into the host\'s plasma \[[@bb0080]\]. For such purpose, we have compared some repositioned drugs in current clinical studies with SARS-CoV-2 and proposed novel compounds here designed using virtual screening in drug databases.

2. Material and methods {#s0010}
=======================

The main steps of the methodological procedure performed in virtual screening are shown in [Fig. 1](#f0005){ref-type="fig"} .Fig. 1Workflow with the mains steps of the methodological procedure performed in the virtual screening.Fig. 1

2.1. Virtual screening {#s0015}
----------------------

For virtual screening, we downloaded structure files deposited in the Protein Data Bank (PDB) from the Research Collaboratory for Structural Bioinformatics related to the crystallographic structures of the M^pro^ (PDB ID: [6LU7](pdb:6LU7){#ir0005}, resolution: 2.16 Å), in complex with an inhibitor called N3.

GOLD 2020.1 software (Genetic Optimization for Ligand Docking) performs docking simulations, using a genetic algorithm to generate and select conformers of flexible compounds that bind to the receptor site of a protein or DNA, in addition to be able to use amino acid rotamer libraries in such simulations \[[@bb0085]\].

First, in order to proceed with the virtual screening experiments, we validated our results by redocking, calculating the root mean-square deviation (RMSD) between the crystallographic pose of the inhibitor and its docking pose. For docking-based virtual screening, we used the following coordinates for the center of the sphere: x = −10.59, y = 13.88 and z = 68.56. Also, a radius of 12.5 Å was here considered.

Two SARS-CoV-2 Targeted Libraries, available by OTAVA Chemicals, has been used, which contain compounds with predicted activity against M^pro^: SARS-CoV-2 Main Protease Targeted Library (SARS-CoV-2-Target, with 1017 compounds) and ML (Machine Learning) SARS Targeted Library (SARS-CoV-2-ML, with 1577 compounds). In sequence, a number of 100 top-ranked hits obtained were reduced, using ADME/Tox filters.

2.2. Prediction of pharmacokinetic properties {#s0020}
---------------------------------------------

For calculation of the pharmacokinetic properties of the drugs under study with SARS-CoV-2 (cobicistat, darunavir, favipiravir, hydroxychloroquine, lopinavir, oseltamivir, remdesivir and ritonavir) as well as of our molecules selected from the two libraries of M^pro^ inhibitors here used - SARS-CoV-2-Target and SARS-CoV-2-ML, we used the QikProp software \[[@bb0090],[@bb0095]\], selecting the following properties, in particular: permeability to the CNS (CNS, logBB and PSA), cell permeability (pCaco-2 and pMDCK), aggregation with serum albumin (logKhsa) and oral absorption (% Human Oral Absorption).

The results obtained with this software were analyzed by comparing the values obtained for the investigated molecules with the average of the values obtained for 95% of the drugs made available in the software databases. Under this comparison, the number of "stars" denotes the number of violations of these ranges of optimal values common to drugs, which are used as references/templates in QikProp \[[@bb0090],[@bb0095]\].

In brief, the following properties as well as their ranges of optimal values were considered and here analyzed using the QikProp 4.4 software \[[@bb0095]\]:•Stars (similarity to known drugs): 0--2 (high), 3 (medium) e \> 4 (low);•%Human Oral Absorption (%HOA): \>80% (high), 25--80% (medium) e \< 25% (low);•pCaco (intestinal cells): \>500 nm/s (good) e \< 25 nm/s (low);•pMDCK (kidney cells): \>500 nm/s (good) e \< 25 nm/s (low);•logKhsa (binding to human serum albumin): −1,5 (low) a 1,5 (high);•CNS: −2 (low permeability) e \> −2 (high permeability);•logBB (blood/brain barrier): \<−1 (low) e \> −1 (easy permeation);•PSA (Van der Waals surface area): \>60 (does not cross the blood/brain barrier) e \< 60 (to cross the blood/brain barrier).

2.3. Prediction of toxicological properties {#s0025}
-------------------------------------------

The DEREK software (Deductive Estimate of Risk from Existing Know-edge) was used to predict the toxicity of the molecules here investigated. This software is an expert-system that uses a methodology capable of making qualitative predictions by searches for 2D similarity shared between the investigated molecule and other structures of the database, which contain reported toxic moieties, predicting, by comparison, the associated toxicity \[[@bb0100]\]. The results are obtained in the form of alerts that are fired about a possible/potential toxicity of the investigated molecule, which would cause a certain toxic effect on the organism \[[@bb0105]\].

DEREK\'s decisions are based on the "knowledge-based expert system" method, for the most diverse and peculiar situations of toxicity, including skin sensitization, hepatotoxicity, nephrotoxicity, carcinogenicity, mutagenicity and other specific toxicities or endpoints \[[@bb0110]\].

2.4. Molecular docking {#s0030}
----------------------

Molecular docking simulations between the selected molecules after the previous steps and the biological target M^pro^ (PDB [6LU7](pdb:6LU7){#ir0010}) were performed with the aid of the GOLD 2020.1 software. As previously mentioned, GOLD uses genetic algorithm to generate and select conformers of flexible compounds. For docking, we used the following coordinates for the center of the sphere: x = −10.59, y = 13.88 and z = 68.56, and a radius of 12.5 Å of docking grid was considered. The co-crystallized ligand, ions and water molecules were removed from the crystal structure before the docking simulations. Prior to the calculations, hydrogens were added to all the compounds, while the respective atomic charges were calculated using the PM3 method, for a better performance/accuracy of the molecular docking.

2.5. Search based on structural similarity {#s0035}
------------------------------------------

The BindingDB webserver offers the possibility of calculating structural similarity \[[@bb0115]\] using the Tanimoto coefficient (Tc) \[[@bb0120]\], based upon JChem fingerprints, resulting in a numerical value of structural similarity between them. As we do not know the active conformation of the molecule here selected as a pivot, 2D similarity provides satisfactory results for the virtual screening step. The Tc analyzed the similarities of the selected molecules, after the results of the previous step, with an FDA library from the webserver itself containing 1091 drugs and classified them according to their similarity. A file of this classification was generated and analyzed using the Discovery Studio software \[[@bb0120]\] from which a group of molecules with similar activity, above or equal to 40%, was extracted \[[@bb0125]\].

3. Results and discussion {#s0040}
=========================

3.1. Virtual screening in compounds databases {#s0045}
---------------------------------------------

Virtual screening is the computational analogue of the High Throughput Screening (HTS), and it is characterized as the computational screening of chemical compounds deposited in typically large libraries, in order to find molecules that can complement biological targets of resolved structure, selecting the most potent ones, in potential \[[@bb0130]\]. This technique has very low cost-effective as well as high speed to generate result, giving enormous benefits to pharmaceutical research that needs urgency, such as the SARS-CoV-2 pandemic.

There are different and possible protocols for virtual screening, and a combined use of tools is important so that results could be even more robust, reliable and more likely to be validated/confirmed in *in vitro* assays. Many studies use this technique in the search for chemical entities for the treatment, for example, of cancer, withdrawal syndrome, neuropathic and inflammatory pain \[[@bb0135], [@bb0140], [@bb0145]\].

The target structure here used in the screening was M^pro^ (PDB ID: [6LU7](pdb:6LU7){#ir0015}), which belongs to a family of enzymes that has been extensively studied from viruses, such as the NS3 protease, from DENGUE virus \[[@bb0150]\], the protease HIV-1 \[[@bb0155]\] and others from different viruses that have proteases with known structure as well.

The two libraries here utilized contain compounds with predicted activity against M^pro^: SARS-CoV-2-Target and SARS-CoV-2-ML. The first library has been designed using structure-based virtual screening (flexible docking), using crystal structure of M^pro^; the second one has been designed using machine learning (artificial neural networks and Bayesian statistics), based on compounds with known anti-SARS activity.

From each library, 100 hits were selected with highest values of affinity score with M^pro^, and they are thus selected to the next stages of this work.

3.2. Pharmacokinetic properties analysis {#s0050}
----------------------------------------

The infection caused by COVID-19 is related to that of SARS, affecting the pneumocytes and macrophages of the lung, which is its target organ. Also, it appears to be related to the ACE2 receptor, which may protect the host against lung injury, as well as to the TMPRSS2 protein, related to facilitating the entry of the virus into the organism, both present in the lung \[[@bb0160]\]. This information presents us with the peripheral action of the virus, being a requirement for its future therapeutic agent.

Initially, we analyzed the pharmacokinetic predictions of antiviral drugs as well as hydroxychloroquine, currently available ([Fig. 2](#f0010){ref-type="fig"} ) and also under evaluation of biological activity as well as clinical tests, in the treatment of COVID-19 ([Table 1](#t0005){ref-type="table"} ), in order to obtain parameters for comparison among our molecules, selected using virtual screening, whose results are presented in [Table 2](#t0010){ref-type="table"}, [Table 3](#t0015){ref-type="table"} .Fig. 2Chemical structures of the drugs under study in the fight against SARS-CoV-2: cobicistat, darunavir, favipiravir, hydroxychloroquine, lopinavir, oseltamivir, remdesivir and ritonavir.Fig. 2Table 1Pharmacokinetic properties of known drugs.Table 1[^1]Table 2Prediction of pharmacokinetic properties of molecules selected from the SARS-CoV-2-Target Library.Table 2[^2]Table 3Prediction of pharmacokinetic properties of molecules selected from the SARS-CoV-2-ML Library.Table 3[^3]

All the molecules here investigated showed results with median to high values for oral absorption, as well as median aggregation to plasma proteins. Most of the evaluated drugs showed a prediction of high cellular permeability, both in the results for intestinal cells, as well as for renal cells (pCaco-2 and pMDCK), with the exception only for cobicistat and remdesivir.

Most drugs here evaluated using the QikProp software tend to not permeate the CNS in potential (cobicistat, darunavir, lopiravir, remdesivir and ritonavir), but have high cellular permeability (darunavir, favipiravir, hydroxychloroquine, lopinavir, oseltamivir and ritonavir). Prediction is median aggregation to protein albumin for all drugs, in addition to prediction of low oral absorption (for cobicistat, darunavir, favipiravir, oseltamivir, remdesivir and ritonavir). Hydroxychloroquine, although a drug indicated for the treatment of rheumatoid arthritis and other inflammatory diseases, has been used with initial satisfactory results in the treatment of COVID-19, and its pharmacokinetic profile, in comparison to that of antivirals and hydroxychloroquine, despite of indicating permeation to the CNS, has a high cellular distribution, presenting less aggregation to serum albumin (median aggregation), in addition to high oral absorption (similarly to Lopinavir).

Based on the pharmacokinetic profile of antivirals and hydroxychloroquine as well as knowledge of the virus\'s peripheral performance, as well as due to their main clinical manifestations, we were able to evaluate the screened molecules.

Regarding the evaluation of the molecules sorted from the SARS-CoV-2-Target library, the 25 molecules with the best pharmacokinetic profiles predicted are shown in [Table 2](#t0010){ref-type="table"}. Considering the number of "stars", all the results here obtained indicate high reliability, indicating chemical similarity to known drug molecules of the QikProp software database.

Such as for the permeability to CNS, we chose to work with those molecules for which there is a prediction to act at the peripheral level, selecting the molecules that presented results for the three parameters evaluated (CNS, QPlogBB and PSA), with a prediction of not crossing the blood-brain barrier, since peripheral action is sought due to the clinical characteristics of the disease.

It can be seen that, compared to the profile of antivirals and hydroxychloroquine, the profile obtained for molecules from the SARS-CoV-2-Target library is even more satisfactory and adequate, in potential. Cell distribution was predicted from median to high for Caco-2 as well as MDCK cells, median binding to plasma proteins and median to high %HOA.

Evaluating the set of predictions made here, the 17 molecules, selected from the SARS-CoV-2-ML library and containing the best pharmacokinetic profiles are shown in [Table 3](#t0015){ref-type="table"}. Considering the number of "stars", all molecules obtained highly reliable results.

All molecules selected from the SARS-CoV-2-ML library that not showed permeability to CNS, in potential, showed indicative results for high oral absorption, whereas for none of them high aggregation to plasma proteins was predicted.

Such as for permeability to CNS, those with prediction to act at the peripheral level were selected following the three parameters evaluated (CNS, logBB and PSA), for which the prediction was median to high cell distribution, both for intestinal cells as well as pCaco-2 and pMDCK cells.

In comparison to the predicted profile for antivirals and hydroxychloroquine, it can be noted that the profile of cell distribution (pCaco-2 and pMDCK), logKhsa and %HOA of SARS-CoV-2-ML molecules is also superior.

Young et al. \[[@bb0165]\] reported in their study the result of the combined use of the antivirals lopinavir and ritonavir as pharmacological alternatives initially used to treat atypical pneumonia caused by COVID-19. Unfortunately, among the group of patients evaluated, there was no proven efficacy in the treatment, with patients who had a clinical evolution to acute respiratory failure, in addition to no reduction in viral charge, which remained similar to that of untreated patients. Such information indicates the urgent need for a specific and effective pharmacological alternative against this pandemic disease.

3.3. Toxicological properties analysis {#s0055}
--------------------------------------

Computational tools used to predict the toxic potential of the most varied molecules can have a significant impact on the discovery and development of drugs, and toxicity is one of the fundamental parameters for the continuation of research in drug design and development \[[@bb0170]\].

Zhang et al. \[[@bb0175]\] revealed a high-resolution structure of α-ketoamide bound to the protease, responsible for a block of the viral RNA replication. They report that α-ketoamide has a prolonged half-life in the blood plasma. In addition, they tested their main inhibitory compound in mice, finding that inhalation was well tolerated and that the mice had no adverse effects. They suggested, therefore, that since human proteases with a similar cleavage specificity are not known, it is unlikely that this class of inhibitors will be toxic, which results in a useful structure for the development of drugs to combat the new coronavirus.

In this study, DEREK software was used to predict the toxicological properties of the drugs under study with SARS-CoV-2 (cobicistat, darunavir, favipiravir, hydroxychloroquine, lopinavir, oseltamivir, remdesivir and ritonavir) as well as the molecules selected from libraries of M^pro^ inhibitors. This software has a system that makes predictions from a qualitative point of view and, thus, alerts are fired about the possible toxic action of the analyzed chemical compounds, being able to interpret toxicophoric substructures present in the compounds as possible inducers of certain types of toxicity, such as mutagenicity, carcinogenicity, skin sensitization, irritation, reproductive effects, neurotoxicity, among others, through correlation rules established by the software.

For the drugs here investigated, the fired alerts are described below:•Cobicistat: plausible hepatotoxicity, probably due to the thiazole or derivative and carbamate group, in addition to inhibition of the HERG channels.•Darunavir: plausible hepatotoxicity, probably due to the presence of the 4-Aminophenylsulphonamide or 4-aminophenylsulphone group, carcinogenicity, mutagenicity, chromosomal damage, genotoxicity and thyroid toxicity.•Favipiravir: no toxicity alerts were fired.•Hydroxychloroquine: plausible hepatotoxicity, probably due to the quinoline group, inhibition of HERG channels, carcinogenicity and irritation of the respiratory tract (ethanolamine), in addition to ocular toxicity (4-Aminoquinoline derivative).•Lopinavir: glucorticoid receptor agonist, in addition to teratogenicity.•Oseltamivir: chromosomal damage (alpha, beta-unsaturated ester)•Remdesivir: plausible hepatotoxicity (Organophosphorus di tri-ester), cholinesterase inhibition and irritation of the gastrointestinal tract.•Ritonavir: plausible hepatotoxicity (Thiazole and carbamate), glucorticoid receptor agonist and teratogenicity.

Favipiravir is an antiviral agent that selective and potently inhibits RNA-dependent RNA polymerase (RdRp) from RNA viruses. Favipiravir was discovered by HTS screening of the chemical library for antiviral activity against the influenza virus by Toyama Chemical Co., Ltd. Favipiravir undergoes intracellular phosphoribosylation to be an active form, favipiravir-RTP (favipiravir- RTP (favipiravir ribofuranosyl-5B-triphosphate), which is recognized as a substrate for RdRp that inhibits the activity of RNA polymerase. Because the catalytic domain of RdRp is conserved among various types of RNA viruses, this mechanism of action supports a broader spectrum broad range of antiviral activities of favipiravir. Favipiravir is effective against a wide variety of influenza virus types and subtypes, including strains resistant to existing anti-influenza drugs, and is potentially promising for specifically intractable RNA viral infections \[[@bb0180]\].

On the other hand, favipiravir presents a risk of teratogenicity and embryotoxicity. Therefore, the Ministry of Health, Labor and Welfare has granted conditional marketing approval with strict regulations for its production and clinical use \[[@bb0185]\].

In a study by Furuta et al. \[[@bb0190]\], it was found that favipiravir has a potent and selective inhibitory activity against the influenza virus. In an *in vitro* plaque reduction assay, favipiravir showed potent inhibitory activity against influenza A, B and C viruses, with 50% inhibitory concentrations (IC~50~) of 0.013 to 0.48 g/ml, while showing no cytotoxicity in concentrations up to 1000 g/ml in MDCK cells.

Hydroxychloroquine and chloroquine are respectively used in the treatment of malaria and rheumatoid arthritis, systemic lupus erythematosus and inflammatory rheumatic diseases, and are considered weak bases. These drugs interfere with lysosomal activity and autophagy, interact with membrane stability, and alter signaling pathways and transcriptional activity, which can result in the inhibition of cytokine production and the modulation of certain costimulatory molecules. These modes of action, together with the chemical properties of the drug, can explain the clinical efficacy and known adverse effects (such as retinopathy and cardiac arrythmia) of these drugs \[[@bb0195]\].

Cortegiani et al. \[[@bb0200]\] systematically reviewed the evidence on chloroquine and hydroxychloroquine for the treatment of COVID-19. They found that chloroquine appears to be effective in limiting SARS-CoV-2 replication *in vitro*. However, in this present study, hydroxychloroquine presented plausible hepatotoxicity probably due to the quinoline group, inhibition of the HERG channels, carcinogenicity and irritation of the respiratory tract (ethanolamine) and ocular toxicity (derived from 4-Aminoquinoline), demonstrating the high degree of toxicity of this drug.

Reaffirming, Yam and Kwok \[[@bb0205]\] cite that one of the main side effects of hydroxychloroquine is ocular toxicity, which can adversely affect the cornea, the ciliary body and the retina. On the other hand, recent studies suggest that the internal retina is not significantly damaged with the development of human hydroxychloroquine toxicity \[[@bb0210]\].

Toxicity of ethanolamine was studied by the Toxicology Committee in 1967. The study by Weeks et al. \[[@bb0215]\] indicated that skin and eye irritation in addition to immediate signs of irritability and restlessness followed by CNS depression were the main adverse effects observed in experimental animals not anesthetized and exposed to ethanolamine at 12--26 ppm for 24 h. Continuous exposure to 5--6 ppm produced some behavioral changes in the animals, but only after 2--3 weeks of exposure.

Sang et al. \[[@bb0220]\] chose six approved anti-HIV-1 drugs to investigate their interactions with M^pro^ as well as to assess the potential to become clinical drugs for the new coronavirus pneumonia (COVID-19) caused by SARS-CoV-2 infection. They found that darunavir has the best binding affinity for M^pro^ among all tested inhibitors, indicating that it has the potential to become a clinical drug to treat COVID-19. However, the results of the toxicological properties of this drug point out warnings such as hepatotoxicity and mutagenicity as well, which deserve attention.

Qamar et al. \[[@bb0080]\] examined a database of medicinal plants containing 32.297 phytochemicals as potential antivirals and selected nine promising drug-free and non-toxic natural products that can inhibit M^pro^ activity and, therefore, virus replication. The nine products are: 5,7,3′,4′‑Tetrahydroxy‑2′‑(3,3‑dimethylalyl) isoflavone; Myrricitrin; Methyl rosmarinate; 3,5,7,3′,4′,5′‑hexahydroxyflavanone‑3‑obeta‑[d]{.smallcaps}‑glucopyranoside; (2*S*)‑Eriodictyol 7‑O‑(6″‑O‑galloyl)‑beta‑[d]{.smallcaps}‑glucopyranoside; Calceolarioside B; Micricetin 3‑O‑beta‑[d]{.smallcaps}‑glucopyranoside; Licoleafol and Amaranth.

A study by Singh and Konwar \[[@bb0225]\] performed molecular coupling of the epigallocatechin gallate (EGCG) and its analogs against the virus M^pro^ enzyme. Previous reports have indicated EGCG as an M^pro^ inhibitor, but with a low oral bioavailability, thus stimulating its molecular optimization. According to these reported data, the analogues bound to the enzyme active site and these improved the pharmacological properties, estimated in comparison with the EGCG. In predicting ADME/Tox of the analogs, the study revealed that they have improved pharmacological properties.

Fisher et al. \[[@bb0230]\] computationally examined a library of \>687 million compounds for binding to the crystal structure of M^pro^. They evaluated the potential toxic effects of the compounds due to the interaction with 16 known drugs, and then made a final selection of 11 compounds. Compounds with an improvement in binding free energy in contrast to the cocrystallized inhibitor were considered for their potential toxicity. Among the compounds evaluated, the authors found that the natural compound containing the lowest value of free binding energy was taxifoline.

According to Jo et al. \[[@bb0235]\], coronaviruses have been the target of some flavonoids, where it is assumed that the antiviral activity of some flavonoids against CoVs is directly caused by the inhibition of M^pro^.

Regarding the screened molecules, of 100 molecules selected from the SARS-CoV-2-Target library, 33 did not present any human toxicity alert ([Table 4](#t0020){ref-type="table"} ), 17 presented one alert, 17 presented two alerts and 15 molecules presented three alerts. On the other hand, from the SARS-CoV-2-ML library, 21 molecules showed no warning signs ([Table 4](#t0020){ref-type="table"}), 24 showed only one alert, 20 showed two warning signs, and 16 molecules presented with three alerts.Table 4Molecules selected from SARS-CoV-2 libraries that did not present toxicity alerts according to the DEREK software.Table 4SARS-CoV-2-TargetSARS-CoV-2-MLm57m246m71m252m74m258m106m344m113m479m120m480m135m484m152m487m168m490m250m494m262m529m320m726m351m950m378m1201m385m1312m413m1324m418m1345m431m1418m438m1447m541m1456m553m1467m579m601m603m711m761m808m824m830m838m868m972m980

3.4. Molecular docking {#s0060}
----------------------

Considering the analysis of pharmacokinetic and toxicological properties, we selected 10 molecules ([Fig. 3](#f0015){ref-type="fig"}), 9 from the SARS-CoV-2-Target library (m57, m74, m113, m135, m152, m351, m603, m808 and m824) and 1 from the SARS-CoV-2-ML library (m494) (Supplementary material, [Table 5](#ec0005){ref-type="supplementary-material"}), in order to analyze intermolecular interactions that could occur with M^pro^, in comparison with favipiravir, which presents satisfactory results, as well as hydroxychloroquine, since it is a drug that presents results in literature as a potential drug for treatment of COVID-19 \[[@bb0240]\].

Evaluating the amino acids HIS41 and CYS145, present in the active site of said protease (Protomer A) \[[@bb0245]\], they were used with the purpose of comparing the docking results, in addition to the amino acid residues that showed the highest number of interactions with ligands. All the molecules interact with the amino acid residue CYS145, with the exception of m74. However, with the amino acid residue HIS41, only the hydroxychloroquine drug and the screened molecules m57, m113, m135 and m808 showed interactions.Fig. 3Molecules selected from libraries: A) SARS-CoV-2-Target - m57, m74, m113, m135, m152, m351, m603, m808 and m824, B) 1 from the SARS-CoV-2-ML library - m494.Fig. 3

Molecular docking results indicated the lowest number of interactions for the drug favipiravir - 6 interactions, being 1 hydrophobic and 5 hydrogen bonds with the amino acids GLY143, SER144, CYS145 and HIS163; and 5 interactions for m824, 2 of which are hydrophobic and 3 are hydrogen bonds with the amino acids GLY143, SER144, CYS145 and MET165. The observed score value was 38.3 for the drug favipiravir, which is the lowest one observed among the molecules here investigated, and 70.18 for m824.

Hydroxychloroquine and m494 molecules showed the highest number of interactions, 14 for each. For the first, 11 hydrophobic interactions and 3 hydrogen bonds were observed with amino acid residues HIS41, MET49, GLY143, CYS145, HIS163, MET165 and GLU166, with a score value of 66.07. Each of the amino acid residues HIS41, MET49, CYS145 and MET165 had at least two points of hydrophobic interaction with hydroxychloroquine, and GLU166 had two points of hydrogen bonding. GLY143 presented only one hydrogen bonding point and HIS163 had a hydrophobic interaction point with the inhibitor.

For m494, 4 hydrophobic interactions and 10 hydrogen bonds were identified with the amino acid residues LEU141, SER144, CYS145, MET165, GLU166, ARG188, GLN189 and THR190, obtaining a score value of 74.42. In this case, the amino acid residues MET165 and GLN189 had two points of hydrophobic interaction with SARS-CoV-2-ML_m494, while SER144 and CYS145 had two points of hydrogen bonding. The GLN189 residue, in addition to the two hydrophobic interactions, also showed a hydrogen bond with the inhibitor. Finally, the amino acid residues LEU141, GLU166, ARG188 and THR190 presented a hydrogen bonding point with the inhibitor, each one.

Molecules with intermediate number of interactions were m74 (8), m135 (8), m351 (9), m603 (8) and m808 (8) with satisfactory score values for the best pose equal to 75.3; 61.41; 70.36; 68.45 and 73.55, respectively. M74 did not interact with the amino acid residues belonging to the catalytic site, unlike the m135 and m808 molecules that managed to interact with the HIS41 and CYS145 residues.

The molecule that had the highest score value, 80.75, was m152. A total of 7 interactions were observed, with 4 hydrophobic interactions and 3 hydrogen bonds. In this case, each of the amino acid residues MET49, CYS145, GLU166 and LEU167 presented only one point of interaction as an inhibitor, these interactions being hydrophobic for MET49 and CYS145, and hydrogen bond for GLU166 and LEU167. The amino acid residue PRO168 was the only one that showed multiple interactions with the m152 inhibitor, two hydrophobic interactions and one hydrogen bond. However, there was no interaction with the amino acid residue HIS41 belonging to the catalytic site of M^pro^.

The m57 and m113 molecules stand out for having a satisfactory number of interactions and score value, emphasizing that the first was the molecule studied that showed interaction with the largest number of amino acid residues (8). For m57, 12 interactions were observed, 6 of them hydrophobic and 6 of hydrogen bonds the amino acids LEU27, HIS41, GLY143, CYS145, MET165, GLU166, PRO168 and GLN189, and the score value obtained for the best pose was 73, 69. For m113, 10 interactions were identified, 9 of them hydrophobic and 1 hydrogen bond with the amino acids HIS41, MET49, CYS145, MET165, GLU166, PRO168 and GLN189, and a score value of 72.57. It is important to note that both had score values higher than those obtained for the drugs studied.

Considering the amino acids GLY143, CYS145, HIS163, HIS164, GLU166, GLN189, and TYR190 that bind with the crystallographic inhibitor N3, only the m494 molecule interacted with the TYR190 residue. For the amino acid GLY143, there was interaction only with the favipiravir, hydroxychloroquine, m57 and m824 molecules. For the amino acid CYS145, all molecules interacted, with the exception of m74. The HIS163 residue interacted only with the favipiravir, hydroxychloroquine, m74 and m135 molecules. No linker interacted with the amino acid residue HIS164. The amino acid residue GLU166 showed interaction with all molecules, except with favipiravir and m824. The GLN189 residue, on the other hand, interacted only with the m57, m113 and m494 molecules.

The amino acid residues CYS145, MET165, PRO168 and GLN189 proved to be capable of making multiple chemical interactions of different nature with the inhibitors. Its multiple interactions are present both in the cases in which the inhibitors had the highest number of interactions with the target, and in the case in which the inhibitor presented the highest score value among the twelve selected molecules.

Therefore, the amino acid residues MET165, PRO168 and GLN189 showed their relevance in multiple interactions of different chemical natures between the inhibitor and the target, in addition to the HIS41 and CYS145 residues already belonging to the active site of M^pro^, and we can select the m57 molecule as the most promising drug candidate for treatment of COVID-19 ([Fig. 4](#f0020){ref-type="fig"} ).Fig. 4Intermolecular interactions between the drug candidate molecule (m57) for treatment of COVID-19 and the amino acid residues of the therapeutic target M^pro^.Fig. 4

3.5. Search based on structural similarity {#s0065}
------------------------------------------

Similar Property Principle (SPP) states that molecules that are similar in overall structure are likely to have similar biological activity \[[@bb0250]\].

With the similarity analysis, it was possible to select the drug Apixaban, which showed 42% similarity with the selected molecule m57. Then, molecular docking calculations were performed for the target M^pro^ ([Fig. 5](#f0025){ref-type="fig"} ), obtaining 12 interactions, 3 with the catalytic dyad, HIS41 and CYS145, and 9 other interactions with 8 more amino acids (MET49, LEU141, ASN142, GLY143, HIS163, MET165, PRO168 and ARG188), with a score value of 75.26.Fig. 5Intermolecular interactions between the drug Apixaban and the amino acid residues of the therapeutic target M^pro^.Fig. 5

Apixaban is an anticoagulant, acts by selectively inhibiting the activated factor Xa in a reversible manner and has an oral bioavailability of \~50%. It is administered as twice daily dose. It is excreted in urine and feces. Apixaban is useful in atrial fibrillation, venous thromboembolism, and pulmonary embolism. Bleeding is the major side effect of Apixaban \[[@bb0255]\].

In a clinical study made by Tang et al. \[[@bb0260]\] with 449 patients with severe COVID-19, 99 of them received heparin (mainly with low molecular weight heparin, LMWH) for 7 days or longer. The 28-day mortality of heparin users were lower than nonusers in patients with *SIC* score ≥4 or D-dimer \>6 fold of upper limit of normal. They concluded that anticoagulant therapy, mainly with LMWH, appears to be associated with better prognosis in severe COVID-19 patients meeting sepsis-induced coagulopathy (*SIC*) criteria or with markedly elevated D-dimer.

Injectable anticoagulants such as heparin are prescribed when anticoagulation therapy is required for short duration. Absence of oral form of heparin makes it impractical for long-term use. As an alternative, warfarin and coumarone derivatives are the best available oral anticoagulants in market \[[@bb0255]\]. It has been found that Apixaban has superiority over warfarin and aspirin in terms of efficacy and safety \[[@bb0265]\].

In the present study, a toxicity prediction study using DEREK software was done and no alerts were fired for the drug Apixaban.

4. Conclusion {#s0070}
=============

In this work, we present proposals for new potential M^pro^ inhibitors of the SARS-CoV-2 virus (PDB ID: [6LU7](pdb:6LU7){#ir0020}) as an alternative treatment for COVID-19. These compounds were designed from virtual screening experiments in two compound databases, one being previously built from docking compounds with M^pro^, and the other was built from compounds with known anti-SARS activity. From these virtual screening experiments here performed, we selected the 100 top-ranked hits from each database. Their ADME/Tox properties were calculated and compared to those of drugs currently being tested with COVID-19, by attempting to reposition of the function, among known antivirals and hydroxychloroquine, a drug used in the treatment of rheumatoid arthritis as well as other inflammatory diseases. Our compounds designed and here presented showed pharmacokinetic and toxicological properties even more satisfactory and suitable than the drugs currently in test with COVID-19, in addition to maintain a network of favorable intermolecular interactions with the M^pro^ of the new coronavirus, according to the docking studies here performed with such enzyme. Also, an inhibitor was selected serving as a template for study of similarity and drug repurposing and it was possible to identify Apixaban, an known anticoagulant administered by the oral route, which shows very promising results for future treatment of COVID-19. Due to the suitable pharmacotherapeutic profile as well as very low toxicity and adverse effects, thus estimated for our potential M^pro^ inhibitors of the SARS-CoV-2 virus, we suggest our most promising compound as well as Apixaban as proposals for alternative tests with COVID-19, for future treatment of patients affected with this severe acute respiratory syndrome.

The following is the supplementary data related to this article.Table 5Interactions between amino acids nearby and of the active site of the biological target and distances where interactions occur.Table 5
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[^1]: %HOA = %Human Oral Absorption; pCaco = intestinal cells; pMDCK = kidney cells; logKhsa = binding to human serum albumin; CNS = central nervous system; logBB = blood/brain barrier; PSA = Van der Waals surface area.

[^2]: %HOA = %Human Oral Absorption; pCaco = intestinal cells; pMDCK = kidney cells; logKhsa = binding to human serum albumin; CNS = central nervous system; logBB = blood/brain barrier; PSA = Van der Waals surface area; Light green = average; Light red = medium.

[^3]: %HOA = %Human Oral Absorption; pCaco = intestinal cells; pMDCK = kidney cells; logKhsa = binding to human serum albumin; CNS = central nervous system; logBB = blood/brain barrier; PSA = Van der Waals surface area.
